Some of the EcoRI fragments of yeast (Saccharomyces cerevisiae) mitochondrial DNA were cloned into ^. coli using plasmid pMB9. The five smallest fragments in molecular weight appeared to be preferentially retained b'y £. coli; partial fragments derived from larger mitochondrial DNA fragments were also found. One of the fragments, R7 (2.4 kb), may contain the On gene. Cloned R7 DNA was stable under a variety of growth conditions, but showed some changes in molecular weight after transfer to different E. coli strains. Fragment R7 is transcribed in minicells, producing RNA that Fybridizes specifically to mitochondrial DNA. Both DNA strands are transcribed, in contrast to the asymmetric transcription found in mitochondria. No new polypeptides were observed in minicells containing cloned fragment 7.
INTRODUCTION
Most studies of mitochondrial genetics have been carried out with the yeast Saccharomyces cerevisiae.
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The capacity of yeast to survive and grow in the absence of aerobic respiration has facilitated the isolation of mutations which affect mitochondrial respiratory function and mitochondrial protein synthesis.
While the genetic analysis of the mitochondrial genome of Saccharomyces cerevisiae is convenient, the mitochondrial DNA (mtDNA) presents several obstacles for molecular biology. First, yeast mtDNA is never isolated intact. Although the 25-micron circular DNA molecules observed in yeast lysates correspond to the estimated mitochondrial genome size, 5 yeast mtDNA is isolated as randomly broken fragments corresponding in length from one-third to onehalf of the total genome size. 6 > 7 Furthermore, this DNA contains numerous single-stranded scissions (nicks) as well as single-stranded regions (gaps), so that after denaturation of mtDNA, fragments with a molecular weight of approximately 3 kb remain. This degradation of isolated mtDNA has made restriction mapping of yeast mtDNA difficult, 7 ' 8 as well as complicated the use of other high-resolution mapping techniques (e.g., heteroduplex analysis, "R-loop" mapping, DNA sequencing). Cytoplasmic petites which contain amplifications of localized regions of the mitochondrial genome may be regarded as a "natural" cloning vector for mtDNA; however, the mtDNA sequences retained are often highly heterogeneous, 9 * 10 and may contain mtDNA segments with different redundancies. 11 ' 12 Furthermore, petite mutants are generally not stable, but continue to delete markers and mtDNA sequences. 13 Because of these characteristic properties of grande and petite mtDNA, we have cloned segments of the yeast mtDNA in £. coli K12 by using plasmid vectors. In contrast to cytoplasmic petites, this has provided stable, homogeneous amplification of short sequences of mtDNA which are suitable for analysis. Although the largest restriction fragment from grande mtDNA which we have cloned is 3.5 kb, 1t seems likely that more of the mitochondrial genome can be propagated in E. coli if alternate hosts and vectors as well as multiple endonuclease digestions are used. In addition to the analysis of mtDNA, we have examined the feasibility of studying the transcription and translation of this DNA in E. coli mini cells. We give particular attention to the difficulties of cloning yeast mtDNA, since other mitochondrial DNA has been cloned with relative ease.
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MATERIALS AND METHODS
Bacterial strains and piasmids. Strain C600 (i"j^C) was obtained from S. Cohen. Roy Curtiss III provided the minicell strain x984, and H. Adler, Ion min. Plasmid pMB9 was a gift from I. Dawid and pBR322, from H. Boyer. The former plasmid contains the gene for tetracydine resistance 17 ' 18 and the latter codes for both tetracycline and ampicilUn resistance.
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DNA and RNA preparation. Plasmid DNA was isolated and purified as described by Berg £t^al_. 20 Yeast protoplasts and mitochondria were prepared according to the method of Grivell et_ aj_. , 21 as modified by Hendler et al_.
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DNA was prepared from isolated mitochondria as described by Lewin et al. 10 Mitochondrial RNA was isolated from lysed mitochondria by a phenol-chloroformisoamyl alcohol extraction procedure. 23 The DNA contamination of the RNA was removed by CsCl guanidium chloride equilibrium centrifugation. zk DNA was not detected by the DABA reaction. 25 Copy RNA was synthesized using £. coli RNA polymerase as previously described. 26 Construction of recombinant plasmid DNA molecules. Purified plasmid DNA and mtDNA were cut with the restriction endonuclease Ecp_RI or with HindHI/ EcoRI, mixed in a 2:1 molar ratio of mtDNA:plasmid DNA, and then ligated with T4 DNA ligase. 27 In some experiments, we pretreated the cloning vehicle with bacterial alkaline phosphatase (BAP) to remove 5' terminal phosphates and to prevent recirculation of the plasmid. 28 The BAP was obtained from Worthington (BAP-F). It was further treated before use for removal of nucleases 29 and dialyzed for removal of ammonium sulfate, which inhibits transformation into bacteria (K. Agarwal, personal communication). Bacterial cells were made competent for transformation by the procedure of Lederberg and Cohen.
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After transformation, cells were grown in L broth containing 1056 glycerol and 2.5 yg/ml tetracycline to induce tetracycline resistance. Selection was on plates containing either 12.5 or 25 pg/ml tetracycline.
Colonies were screened by means of the colony hybridization technique described by Grunstein and Hogness. 31 To determine the polypeptides synthesized 1n minicells, we preincubated purified minicells in the presence of methionine for 30 minutes at 37°, then centrifuged and resuspended them in meth1on1ne-free assay medium. 33 We added 35 S-met (1245 Ci/nmole) to 1.0 0D 620 unit of minicells to obtain a final concentration of 100 yCi/ml. The. incubation time was 30 minutes. The minicells were chilled, washed with BSG buffer, 36 Labeled minicell RNA was hybridized to total mitochondrial RNA at a R t of 1200 mole-sec I" 1 . 3 H-minicell RNA (20,000 cpm) was mixed with 100 yg of total mtRNA in a final volume of 15 yl. The RNA mixture was heated at 100°C for 5 minutes, and then the samples were rapidly cooled. Samples to be hybridized were placed at 60°C for 24 hours, whereas control samples were frozen.
Half of each sample was precipitated and counted, and the other half was treated with Tl RNAse (3 ug/ml) and pancreatic RNAse (20 ug/ml) for 30 minutes at 37°C. After the RNAse treatment, the samples were precipitated and counted.
The control counts (cpm of unhybridized samples) were subtracted from the counts of samples which were hybridized.
Physical and biological containment conditions. The above experiments were performed in a P2 facility with EK1 hosts, as required under the NIH guidelines.
RESULTS
We have stably cloned five of the ten Ecj)RI fragments of yeast mtDNA from Saccharomyces cerevisiae. These fragments, designated R6, R7, R8, R9, and R10, have molecular sizes of 3.5 kb, 2.4 kb, 1.7 kb, 0.9 kb, and 0.2 kb, respectively ( Fig. 1 ). Fragments R7, R8, R9, and R10 were cloned from strain MH41, while R6, R7, R8, R9, and R10 were cloned from strain 19D. The fragment numbers used are those given to MH41. According to current physical and genetic mapping data, these two strains are very similar or identical in these regions.
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The fragments which are cloned ( Fig. 1 Although the comigration of two EcoRI fragments is presumptive evidence for their identity, it is important to establish sequence homology by other criteria. Therefore, DMA from an EcoRI digest of mtDNA was transferred to nitrocellulose according to the technique of Southern.
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The transferred DNA was hybridized to cRNA made with the chimeric plasmids serving as templates. As the autoradiograms in Figure 2 show, cRNA from cloned EcoRI fragments R6-R9 does hybridize to the corresponding mtDNA fragments. This establishes that we have cloned yeast mtDNA corresponding in molecular size to known EcoRI fragments of mtDNA, but does not eliminate the possibility of rearrangements.
Tracings of agarose gels of EcoRI-cleaved mtDNA have shown that the lower molecular weight fragments are present in molar ratios; higher molecular weight fragments are present in submolar ratios since the mtDNA 1s not intact when isolated.
Therefore, one would expect that R6, R7, R8, R9, and RIO would have equal probabilities of being cloned. This was not the case, however (Table 1) . RIO was excluded from this analysis because its detection by colony hybridization 1s less reliable due to its low molecular weight. Fragment R8 accounted for more than half of the clones and R9 for most of the 32 P-cRNA made against the hybrid plasmids was hybridized to EcoRI digests of mtDNA. The DNA was transferred to nitrocellulose by the method of Southern.
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Number 1 is pBLT727, an R6 clone; 2 is pBLT778, an R7 clone; 3 is pBLT715, an R8 clone; and 4 is pBLT966, an R9 clone.
rest; R6 and R7 were inserted at much lower frequencies.
Several cloned segments of mtDNA retained both EcoRI ends, as shown by the fact that pMB9 could be recovered, but the cloned DNA did not correspond in molecular weight to any mitochondrial EcoRI fragments. Several other mtDNA clones retained only one EcoRI site, giving rise to a single fragment larger than pMB9 (Fig. 3) . A number of these plasmids, including pBLTB117, pBLTB8107, and pBLTB7350, were analyzed in more detail.
MH41-7B mtDNA was digested with EcoRI and two other restriction enzymes, Hhal and Xbal, which were selected for their overlapping fragments. These Stability of inserted DNAs. It was important to verify the stability of R7 in pBLT778 before we undertook additional studies. Stability was assayed in two strains under a variety of conditions. The original recipient, C600, was grown in complex medium for up to 23 generations before chloramphenicol was added for plasmid amplification. Plasmid DNA was Isolated, cleaved with EcoRI, and run on 1.0X agarose gels. A microdensitometer tracing of the gel was made, and the molar ratio of R7 to pMB9 DNA was calculated relative to the molar ratio of R7 to pMB9 at three generations (zero time). As shown in Table  2 , no significant change in the amount of R7 was detected when this method was used.
Since we planned to study transcription and translation products of R7 H-cRIW synthesized from two cloned yeast mtDNAs, pBLTB8107 and pBLTB7350. These two clones exhibit only one fragment, larger than pMB9, after EcoRI digestion. The cRNA probe was hybridized to Southern transfers'* 2 of EcoRI, Hhal, and Xba_I digests of MH41 mtDNA. On the left, probe from pBLTB5T07 hybTidizes to fragments 5 of EcoRI, 2 of Hha_I, and 1 of Xbal. On the right, probe from pBLTB7350 hybridizes to fragments 3 of EcoRI, Hhal, and Xbal. Below is a restriction map^6 for these enzymes, with shading illustrating fragments with hybridization to respective clones. To test the nature of R7 further, we redigested R7 purified either from a mtDNA digest or from the plasmid pBLT778 (Fig. 5 ) by using H^alK Both DNAs migrated to the same position on the gel, indicating that the recognition site for Hpall is in the same place.
However, we observed heterogeneity in the size of several cloned fragments when they were initially transferred to x984. The plasmid DNA was Isolated from C600, which lacks the £. coll K12 restriction and modification system and therefore was unmodified. This DNA was used to transform x984, which has the E. coli K12 restriction-modification system. The number of BP 200O-1500 - Figure 5 . Digestion of purified R7 mtDNA with EcoRI and HpaH-Samples were visualized using 2» agarose gel electrophoresis. In slot 1 1s R7 DNA isolated from pBLT778; slot 2 contains R7 DNA from mitochondria; and slot 3 contains total mtDNA. transformants in x984 was reduced by three orders of magnitude compared with C600, similar to the observation of Chang e_t a\_.
lk When two colonies were picked at random from cells transformed with plasmids containing R6, R7, R8, or R9, only one containing R8 and both containing R9 were transferred to give their original molecular weight (Fig. 6 ). Additional colonies were tested until one that had a band with the correct molecular weight was found for each fragment. The plasmid containing an EcoRI fragment corresponding to EcoRI R7, pBLT778, was the colony which we used to test long-term stability (Table 2) . Thus, when intact R7 was successfully transferred, it appeared to be quite stable. We attribute the initial transfer changes to the restriction system of x984.
Another minicell strain, Ion min, was used as a recipient for pBLT778 DNA grown in x984 (fj%u)-Of 13 colonies tested, none exhibited the correct molecular weight for R7 (data not shown). This necessitated a more detailed study of the transfer stability of R7. PBLT778 plasmid DNA isolated from x 984 was used to transform both C600 (rj^nC) and x984. Ten clones were grown from each transformation, and in each case R7 had the correct molecular weight. Some possible reasons for the instability of R7 in Jon_ mijwre discussed below.
Cloned R7 thus appears to be the same as the original R7 with respect to two restriction enzymes, EcoRI and Hpall, shares sequence homology with R7, and is stable under the conditions which we used for long-term growth. It may be unstable upon transfer, depending on the bacterial recipient strain. Once 1n the cell, however, it appears to be stable. With this knowledge, we studied the RNA and protein made by pBLT778 1n minicells of x984.
Transcription of R7 in minicells. Minicells are small, anucleate cells which result from abnormal cell division in certain ^. coli mutants. They contain no chromosomal DNA, but plasmid DNA segregates into them. Since they contain the enzymes necessary for RNA and protein synthesis, they make an ideal system for the study of transcription and translation products of plasmids. 1 *
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As described above, pBLT778 DNA was used to transform x984. Minicell RNA was labeled with 3 H-uracil and isolated as described in Materials and Methods. We hybridized this RNA to 5 yg of DNA on filters to determine whether the mtDNA was being transcribed in vivo. Table 3 shows that R7 DNA 1s indeed transcribed, since it hybridizes to mtDNA but not to yeast nuclear DNA from a p° petite. The RNA also hybridized to pMB9 DNA, as expected. We approached the problem of strand-spedfic transcription by hybridizing minicell RNA to total mitochondrial RNA. We have previously obtained evidence that at high R t values more than 60S of a single strand equivalent of mtDNA is transcribed. If the strand transcribed in minicells is the same as that transcribed in mitochondria, no significant hybridization should occur with mitochondrial RNA. If both strands, or predominantly the "nonsense" strand, are being transcribed, significant hybridization should be observed. As shown 1n Table 4 , about 19% of the RNA made in minicells hybridizes to mitochondrial RNA; thus there is significant transcription of the "nonsense" strand in R7 in minicells. The fact that about 21% of mitochondrial cRNA hybridized to mitochondrial RNA Indicates that under the conditions used, E. coli RNA Table 3 . Hybridization of RNA from minicells containing pBLT778 or pMB9 to DNA on filters.
20,000 input counts were hybridized to filters containing 5 yg of DNA (DNA was in excess). a Minicell RNA from cells containing pBLT778 was hybridized to mtRNA. cRNA was made to mtDNA with £. coli RNA polymerase. Input was 20,000 cpm. The background (RNA alone) of 5% was subtracted from the total hybridization.
polymerase _i£ vitro transcribes both strands of the mtDNA.
Translation of R7 in minicells. Proteins from minicells containing pMB9
and pBLT778 were labeled with 35 S-methionine. Labeled proteins were displayed on a 15$ SDS-polyacrylamide gel which was treated for fluorography. The results, seen in Fig. 7 , show no new proteins in minicell extracts from pBLT778.
DISCUSSION
The cloning of yeast mtDNA was found to be difficult. Experiments in which EcoRI fragments were cloned by use of pMB9, when pMB9 was either treated or not treated with bacterial alkaline phosphatase to prevent redrculation, yielded the five smallest Ec£RI fragments. These fragments comprise 11.5% of g £ Figure 7 . Autoradiogram of poly-I i peptide profile from minicells containing pMB9 or pBLT778. Analysis was performed on a 152 SDSpolyacrylamide gel. 25,000 hot TCA27ooo • Wf «f precipitable cpm were loaded in both B -wells. This inherent instability of yeast mtDNA may be attributable in part to the nonrandom distribution of AT "spacer" regions throughout the mitochondrial genome. 50 Because of these characteristics of yeast mtDNA and the particular problems of cloning of this DNA, we investigated the stability of our cloned DNA. Long-term growth of cloned R7 in two £. coli strains, whether in complex or minimal medium, amplified or unamplified, showed that this fragment was quite stable (Table 2) . Experiments using BamHI, which cuts the joint plasmid once, were in agreement with these results.
One additional factor regarding stability of cloned DNA should be considered, the recA genotype of the E. coli recipient. There is good evidence that spontaneous recombination causing deletion of all or part of cloned eucaryotic DNA sequences is independent of the recA character of the host cell. When Chang ^t al_. LI * transferred cloned mouse mitochondrial DNA from strain C600 (r*m* recA + ) to strain HB101 (r~m~ recA"), they observed extensive In our study, a recA strain was used in most experiments. However, internal deletion of Inserted fragments was also observed when we used a recA" strain (HB1O1 r~nf recA'). It is of note that Bernardi 63 has shown that spontaneous deletion of yeast mtDNA appears to be caused by illegitimate recombination at high GC clusters interspersed within the 95? AT "spacer" sequences that comprise about 50% of yeast mtDNA. The transfer of pBLT778 from C600 (rj^) to x984 (r£\) usually resulted in changes 1n the molecular weight of R7, i.e., it was not stably transferred (Fig. 6 ). Cloned R7 DNA was stably transferred from x984 to either C600 or x984 (data not shown). In this case, then, the changes were probably due to cutting of the unmodified DNA by the restriction system of x984.
R7 DNA which has been modified by x984 is not stably transferred to Ion min, the minicell strain that harbors the Ion (capR) mutation. The reason for the selective instability of R7 was not Investigated (the plasmid alone, pMB9, transferred intact), but two reasons can be suggested. The protein profile of pMB9 in Ion min had fewer peptides than pHB9 in x984. Those peptides present, however, had similar mobilities (P. Berg, unpublished data).
We can conclude that, due to the apparent dependence of transfer stability on the recipient strain, it 1s necessary to test each cloned DNA when it is transferred to a new strain.
We detected transcription of cloned R7 in minicells (Table 3) , in agreement with transcriptional studies of other cloned eukaryotic DNAs. it,51,61*, 65 Our experiments do not differentiate between transcriptional read-through for a pMB9 promoter, non-specific initiation on R7, or specific initiation on R7. The evidence tends to rule out the possibility of specific Initiation at a true mitochondrial promoter, since RNA from minicells containing pBLT778 hybridizes to mitochondrial RNA from yeast. The amount of this hybridization was probably underestimated because total pBLT778 RNA was used, and R7 DNA accounts for only about one-third of the total plasmid DNA. If minicell transcription is equal over the plasmid, up to 60% of the R7 minicell RNA may hybridize to mitochondrial RNA. This would mean transcription is occurring about equally from both DNA strands in minicells. In contrast, yeast mtDNA is apparently transcribed asymmetrically in vivo. 
